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Key Points:10
• Injection of carbon dioxide into finely bedded reservoirs leads to enhanced con-11
tact area with water and hence enhanced dissolution rates.12
• Propagation rates of free-phase carbon dioxide transition from advection to dif-13
fusion dominated as the contact area with water increases.14
• For injection into the Salt Creek reservoir, Wyoming, nearly 10% of the injected15
carbon dioxide is predicted to dissolve in one year.16
Corresponding author: Kieran Gilmore, kg382@cam.ac.uk
–1–
manuscript submitted to Geophysical Research Letters
Abstract17
The rate of carbon dioxide (CO2) dissolution in saline aquifers is the least well-constrained18
of the secondary trapping mechanisms enhancing the long-term security of geological car-19
bon storage. CO2 injected into a heterogeneous saline reservoir will preferentially travel20
along high permeability layers increasing the CO2-water interfacial area which increases21
dissolution rates. We provide a conservative, first-principles analysis of the quantity of22
CO2 dissolved and the rate at which free-phase CO2 propagates in layered reservoirs.23
At early times, advection dominates the propagation of CO2. This transitions to diffu-24
sion dominated propagation as the interfacial area increases and diffusive loss slows prop-25
agation. As surrounding water-filled layers become CO2 saturated, propagation becomes26
advection dominated. For reservoirs with finely bedded strata, ∼10% of the injected CO227
can dissolve in a year. The maximum fraction of CO2 that dissolves is determined by28
the volumetric ratio of water in low permeability layers and CO2 in high permeability29
layers.30
Plain Language Summary31
To limit global warming to 2◦C, it is likely that large amounts of carbon dioxide32
(CO2) will need to be stored underground. A significant fraction of the total possible33
storage space for CO2 is in salt water reservoirs, kilometers beneath the surface. It is34
important that once the CO2 has been injected underground it is securely trapped, oth-35
erwise there is a risk that it could leak back to the surface. After the CO2 is injected into36
these reservoirs it can dissolve in the surrounding water, greatly reducing the risk of leak-37
age, although complete dissolution of all the injected CO2 may take millions of years.38
However, preferential flow of CO2 along more permeable layers in geological formations39
creates a complex front between the water and CO2 which increases the surface area avail-40
able for dissolution. This study calculates the minimum amount of injected CO2 that41
can dissolve in such a reservoir, and how far it travels. Using injection of CO2 for en-42
hanced oil recovery at the Salt Creek Field in Wyoming as an example, we find that in43
one year around 10% of the total injected CO2 can dissolve into the surrounding water44
by this process and become trapped.45
1 Introduction46
Worldwide carbon dioxide (CO2) emission targets are unlikely to be met without47
large scale geological CO2 storage (Intergovernmental Panel on Climate Change, 2018).48
Assessments of global CO2 storage capacity (e.g. Michael et al. (2010)) suggest that saline49
aquifers could account for around 90% of the total potential storage volume. The dis-50
solution of injected CO2 into the ambient brine within a saline aquifer is a key mech-51
anism for increasing the security of long-term storage. At typical storage reservoir con-52
ditions, CO2 is in the supercritical phase and is buoyant with respect to the surround-53
ing reservoir fluid, presenting the risk of migration to the surface. As CO2 dissolves into54
water the density of the water increases (Teng & Yamasaki, 1998), eliminating the buoy-55
ancy of free-phase CO2 and reducing the risk of leakage. Quantifying total dissolution56
rates post injection is therefore important for assessing the contribution of CO2 disso-57
lution to the long-term security of stored CO2.58
The rate of CO2 dissolution in formation waters is controlled by the diffusive trans-59
port of dissolved CO2 away from the CO2-water contact and the area of the contact. Be-60
cause diffusive fluxes into a static system decrease as the square-root of time and the CO261
diffusion coefficient is small (∼ 2×10−9 m2s−1 (Cadogan et al., 2014)), CO2-enriched62
boundary layers in water in contact with free-phase CO2 (Lindeberg & Wessel-Berg, 1997)63
will grow to ∼10 cm thick in 1 year or ∼1 m in 100 years. The relative movement of wa-64
ter and CO2 will therefore exert an important control on CO2 dissolution rates. Dur-65
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ing injection and flow, the lower viscosity of the CO2 will result in fingering (Saffman66
& Taylor, 1958) which will be strongly enhanced by reservoir heterogeneities. It is the67
resulting complexities in the geometry of the CO2-water interface and flow of CO2 that68
makes CO2 dissolution difficult to quantify.69
There are few constraints on CO2 dissolution during CO2 injection. Measurements70
of CO2/
3He ratios show that some natural CO2 accumulations have lost more than 90%71
of their original CO2 by dissolution over hundreds of thousands to millions of years (Gilfillan72
et al., 2009). At Green River, Utah, where natural CO2 has been migrating up a fault73
system for several hundred thousand years, Bickle and Kampman (2013) estimated that74
less than 1% of the CO2 escaped to the surface, the rest being dissolved in permeable75
horizons intersected by the fault system. Most modelling of CO2 dissolution has concen-76
trated on the impact of convective circulation of the brine beneath CO2 accumulations77
driven by the density increase as brine saturates with CO2 (e.g. Ennis-King and Pater-78
son (2005); Neufeld et al. (2010)). However, the marked anisotropy of permeabilities in79
most reservoirs substantially reduces the convective circulation (Green & Ennis-King,80
2014). Reservoir simulations using numerical models typically use grid sizes of more than81
10 m which are unable to model flow heterogeneities on length scales of ∼1 m or less over82
which diffusion dominates. There are limited constraints on dissolution rates from mea-83
surements on small-scale injection experiments. In the Frio experiment, Texas, Freifeld84
et al. (2005) noted that the arrival times of the tracer krypton lagged the arrival of the85
tracers sulfur hexafluoride and perfluorocarbon and attributed this to the higher solu-86
bility of krypton in brine. Likewise Lu et al. (2012) observed a similar lag between sul-87
fur hexafluoride and kyrpton tracers in the Cranfield, Mississippi CO2 injection exper-88
iment. However, attempts to quantify such observations have had limited success (e.g.89
LaForce et al. (2014)). In a CO2 injection phase at the Salt Creek, Wyoming enhanced90
oil recovery site, Bickle et al. (2017) observed that dissolution of CO2 in formation brines91
drove significant reactions with silicate minerals, but again the difficulty in modelling92
the complex flows in a heterogeneous reservoir have so far precluded quantitative esti-93
mates.94
The CO2-brine interactions which determine CO2 dissolution will be controlled by95
the reservoir heterogeneities on all scales and these are difficult to model properly, both96
because it is not possible to determine the reservoir structure at the sub-metre scales which97
matter for the diffusive processes, and because numerical models of CO2 and brine flows98
in reservoirs are not currently capable of running at such resolutions. In this paper, we99
consider dissolution during CO2 injection into a simple representation of a layered reser-100
voir, and quantify the increased dissolution rates due to an increase in interfacial area101
between the CO2 and the reservoir fluid. This provides a base case, given that the ad-102
ditional complexities are likely to substantially increase dissolution rates. The model is103
then evaluated using parameters appropriate to large-scale CO2 injection such as reser-104
voir bedding thickness, porosity, saturation and injection flux.105
We model a horizontally layered reservoir comprising alternating higher and lower106
permeability layers. Free-phase, low viscosity CO2 flow will preferentially be confined107
to the higher permeability layers. This will be enhanced by capillary entry pressures which108
impede CO2 entering the lower permeability layers (c.f. Sathaye et al. (2014)). The model109
assumes horizontal strata within the reservoir with CO2 flow confined to the high per-110
meability layers and ignores buoyancy of the supercritical CO2. It is assumed that there111
is no flow of CO2 between layers, but there is diffusive exchange of CO2 across the static,112
water-filled low permeability layers. The modelling provides a minimum estimate for CO2113
dissolution against which the effect of additional processes or field observations may be114
assessed. Mixing of CO2 and water along formation boundaries, fingering of low viscos-115
ity CO2 into formation waters and the consequent dissolution of CO2 ahead of the CO2116
finger, and the much more complex permeability structures in most sedimentary rocks117
would all be expected to enhance dissolution rates, most probably by an order-of-magnitude118
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Figure 1. Schematic diagram of a two dimensional finger of free-phase CO2 propagating
along a high permeability porous layer that is initially saturated with water surrounded by a low
permeability porous aquifer also saturated with water.
or more. It will likely only be possible to estimate the impact of these processes by ex-119
periments in field settings.120
2 CO2 Flow in a Single High Permeability Layer121
2.1 Single Layer Model122
We first consider CO2 propagating along a single, high permeability layer of width123
w, porosity φ and permeability k in a low permeability, water saturated aquifer of poros-124
ity φa and permeability ka (Figure 1). CO2 is injected into the high permeability layer125
at constant volumetric rate Q. For simplicity, we assume that a finite capillary entry pres-126
sure confines the flow of free-phase CO2 to the high permeability layer. The CO2 fin-127
ger has a total length L(t) the front moves with a flux VF (t). The length of the CO2 fin-128
ger is much greater than its width so dissolution across the CO2-water interface at the129
finger front is neglected and the interface is modelled as planar for simplicity.130
The diffusive CO2 profile away from the CO2-water interface (in the z direction)131
for a given value of x is given by the solution for diffusion into a semi-infinite layer (Carslaw132
and Jaeger (1959), p. 59),133








where erfc is the complimentary error function, c0 is the maximum solubility of CO2 in135
water, t is the time since injection commenced and t0 is the time at which the front passes136





where Dm is the molecular diffusion coefficient of CO2 in water and φa and τ are the139
porosity and tortuosity of the low permeability layer (Pismen, 1974).140
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with φa introduced as CO2 only diffuses into water within the pores. As a non-wetting146
phase, CO2 only partially displaces water in the high permeability layer. This reduces147
the fraction of the porosity occupied by CO2 (snw), and some CO2 dissolves in the wa-148
ter occupying the remaining pore space.149
The velocity of the CO2 front at x = L(t) is a function of the input flux and dif-150
fusive losses given by lateral diffusion from the finger and complete saturation of the resid-151
ual water within the CO2 finger,152







dx− vwφc0(1− snw). (5)153
Here v is the interstitial velocity of CO2 at the front and v0 is the CO2 interstitial ve-154


















equation (5) may be rewritten in the generic form157







where α = c0(1−snw)/snw is a measure of how much CO2 dissolves into residual wa-159
ter within the CO2 finger. Equation (7) gives the dimensionless front velocity as a func-160
tion of dimensionless time. For notational convenience, we drop the ‘∼’ from all subse-161
quent quantities. We solve equation (7) numerically using a sequential iteration approach.162
The CO2 concentration gradient at the interface is calculated every timestep allowing163
the total diffusive flux to be deducted from the input flux giving the CO2 velocity, v, as164
a function of time. The new front velocity allows the position of the CO2 front, L(t), to165
be calculated for the next timestep.166
2.2 Results167
Figure 2a illustrates the length of the CO2 finger as a function of time. The length168
of the finger is governed by the input flux and the amount of dissolution. At early times169
(t  1), when the dissolution area to input flux ratio of the CO2 finger is small, the170
amount of dissolution is negligible and so the length evolves as L ∼ t. The diffusive CO2171
profile away from the CO2-water interface scales as t
−1/2, hence the total diffusive flux172
scales as t1/2. The total dissolution into the low permeability layers is the sum of the173
total flux over time and so scales as t3/2 (see supplementary material for graphs of dis-174
solution scaling).175
At late times (t 1), the finger length evolves as L ∼ t1/2 as diffusive loss dom-176
inates. This means that the total diffusive flux tends towards a constant and hence the177
total dissolution evolves proportional to t. The transition between these two regimes hap-178
pens when L and t are of the order one. Figure 2b shows the fraction of injected CO2179
lost by dissolution as a function of time. This fraction increases with time as the increase180
in the surface area increases the ratio of diffusive loss to input flux and tends to one as181
t→∞.182
Figure 2 has been plotted for three values of α. When α = 0, there is no disso-183
lution into residual water in the CO2 finger. At low values of α, the fraction of CO2 dis-184
solved in the residual water within the CO2 finger is small compared with lateral loss185
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Figure 2. (a) Length of the CO2 finger L as a function of time t. Also plotted is the line
L ∼ t (black dashed line), and the tangent at long times, L ∼ t1/2 (red dashed line). (b) Fraction
of CO2 dissolved as a function of time. The fraction of CO2 dissolved is the fraction of the total
CO2 injected into the system that has diffused into the surrounding water and saturated the
residual water within the CO2 finger. Both graphs are plotted for α = 0, 0.01, 0.1.
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Figure 3. Schematic diagram of periodically repeating high permeability porous layers of
width w, separated by low permeability porous layers of width, 2h. The reservoir is initially
saturated with water. CO2 is injected into the high permeability layers. z = 0 at the high/low
permeability interface and z = h at the midpoint between the high permeability layers.
to the surrounding water. For a typical reservoir α = 0.014 if snw = 0.8 (Krevor et186
al., 2015) and c0 = 5.5 wt% (Dubacq et al., 2013).187
3 CO2 Flow Along Periodic High Permeability Layers188
3.1 Multilayered Model189
The saline aquifers suitable for geological storage are characteristically sandstones190
bedded on 10−2 to 1 meter scales with permeabilities that vary by an order of magni-191
tude or greater. Injection of CO2 will primarily occupy the high permeability layers and192
the diffusive fringes about the CO2-filled layers will overlap. We illustrate this behaviour193
with a periodically layered reservoir with high permeability layers of width w, porosity194
φ and permeability k interbedded with low permeability layers of width 2h, porosity φa195
and permeability ka. CO2 flows into each of the high permeability layers at volumetric196
rate Q. We assume that a finite capillary entry pressure confines advective flow of free-197
phase CO2 to the high permeability layers (see figure 3). The diffusive profile between198
layers is given by the solution for diffusion into a layer bounded by two parallel planes199
(Carslaw and Jaeger (1959), p. 100),200


















The velocity of the CO2 front at x = L is a function of the input flux, lateral diffusive202
loss and saturation of the residual water,203
204













dx − vwφc0(1− snw). (9)206
207
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Figure 4. (a) Length of the CO2 fingers L as a function of time t. Also plotted is the line L ∼
t (black dashed line), and the line L ∼ t1/2 (red dashed line). The length of the fingers increase
as a linear function of t at both early and late times but with L ∼ t1/2 at intermediate times. (b)
Fraction of CO2 dissolved as a function of time. Both graphs plotted for β = 5 and α = 0, 0.01,
0.1.

















equation (9) can be rewritten as210











where α = c0(1 − snw)/snw and β = hφac0wφsnw . For notational convenience, we drop the212
‘∼’ from all subsequent quantities. A similar iterative solution to the single finger case213
is used to solve equation (11) to give the CO2 front position and velocity, and total dis-214
solution of CO2 as a function of time for the multi-layered model.215
3.2 Results216
Figure 4a illustrates the length of the CO2 fingers as a function of time for β =217
5 and three values of α. The length of the fingers evolve in three stages. At early times218
(t  1) the length of the fingers evolve as L ∼ t, at intermediate times they evolve219
as L ∼ t1/2, while at late times (t  1) they grow linearly L ∼ t. The total lateral220
dissolution of CO2 in the early advection dominated regime scales as t
3/2. The transi-221
tion between the early time regime and the intermediate, diffusion dominated regime oc-222
curs as the increase in the surface area drives increasing dissolution. The transition from223
the intermediate diffusion dominated regime to the late-time advection dominated regime224
is due to CO2 saturation of water in the low permeability layers which dampens diffu-225
sion over the more proximal parts of the CO2 layers. The system tends to a steady state226
with a constant length zone at the front of the CO2 finger in which dissolution of CO2227
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Figure 5. (a) The length of the CO2 fingers plotted as a function of time for four different
values of β. Also plotted is the line L (black dashed line), and the line L1/2 (red dashed line).
Larger values of β evolve with L ∼ t1/2 for longer before transitioning back to evolving with
L ∼ t. (b) The maximum fraction of injected CO2 dissolved at steady state is plotted as a
function of β for α = 0, 0.01, 0.1.
is significant. The total dissolution scales proportionally with time in this late time regime228
(see supplementary material for graph of dissolution scaling). Figure 4b shows the frac-229
tional loss of CO2 by dissolution as a function of time. At late times the fractional loss230
of CO2 tends to a constant value which is less than one.231
The value of β ( = hφac0/wφsnw ) determines the transition time between the three232
regimes, where β is a ratio between the volume available for CO2 to dissolve into the low233
permeability layers (hφac0) and the volume of CO2 in the high permeability layers (wφsnw).234
Larger values of β allow more CO2 diffusion leading to later transition to the late-time235
advection dominated regime (Figure 5a). Importantly, β also determines the maximum236
fraction of CO2 dissolved at long times, reflecting the ratio of the volume of water avail-237
able for saturation with CO2 and the volume of CO2 in the high permeability layers (Fig-238
ure 5b).239
4 Discussion240
Evaluating the model using parameters appropriate to field settings establishes a241
practical sense of the permeability structures, lengths and timescales for which signif-242
icant dissolution of CO2 will occur. The Salt Creek Oil Field in Wyoming has been the243
site of CO2 injection for enhanced oil recovery since 2004. In 2010, there was a moni-244
tored injection of CO2 into a 20 m interval of the second Wall Creek sandstone unit. This245
is a highly heterogeneous deltaic sequence made up of mudstones, siltstones and sand-246
stones in coarsening up sequences (Lee et al., 2005).247
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Bickle et al. (2017) estimated the permeability profile of the injection interval us-248
ing porosity measurements calculated from gamma ray density logs. Order of magnitude249
permeability variations were found on ∼ 0.5 m lengthscales. However, the resolution of250
the permeability distribution was limited by the resolution of the gamma ray density logs,251
which was ∼ 0.35 m, and it is probable that large variations in permeability on smaller252
length scales exist.253
The periodically repeating layered model is evaluated using parameters from the254
CO2 injection into the second Wall Creek sandstone unit. The parameters used in the255
calculation are effective diffusivity D = 2× 10−11 m2s−1 using Dm = 2× 10−9 m2s−1256
(Cadogan et al., 2014), φa = 0.12 and τ = 5, CO2 input velocity v0 = 4× 10−5 ms−1257
and porosity φ = 0.2 (Bickle et al., 2017), fraction of the porosity occupied by CO2 snw =258
0.8 (Krevor et al., 2012), maximum saturation concentration c0 = 5.5 wt% calculated259
at 15 Mpa, 50◦C and a salinity of 0.05 mol NaCl/kg(H2O) (Dubacq et al., 2013), and260
a high permeability layer spacing to thickness ratio h/w = 1.5 (Bickle et al., 2017). Three261
different widths for the high permeability layer have been plotted. These are w = 0.5262
m, as calculated by (Bickle et al., 2017), as well as w = 0.1 m and w = 0.05 m, account-263
ing for the limited resolution of the permeability distribution.264
Figure 6a shows the length of the CO2 finger from the injection point as a func-265
tion of time. A separate curve is plotted for each value of w, with the ratio between high266
permeability layer spacing to layer width held constant. The length of the finger if no267
diffusive loss occurs is also plotted (black dashed line). As the width of the high perme-268
ability layer decreases, i.e., thinner and more finely spaced bedding, the distance the CO2269
propagates into the reservoir in a given time decreases becoming more pronounced at270
later times. When w = 0.05 m, the CO2 travels around 10% less far than if no disso-271
lution had occurred.272
It is also useful to know how much of the injected CO2 dissolves into the surround-273
ing water. Figure 6b shows the fraction of the total injected CO2 that has dissolved into274
the surrounding water as a function of time. The high permeability layers of width 0.1275
m and 0.05 m show total dissolution of around 5% and 9% of the total injection volume276
respectively within the first two years of injection. Less CO2 dissolves if bedded layers277
are thicker.278
5 Conclusion279
Injecting CO2 into saline reservoirs with interbedded high and low permeability280
layers substantially enhances dissolution rates. As the fluid travels further into the reser-281
voir, the increase in surface area between the CO2 and surrounding water causes increased282
diffusive loss. The velocity at which CO2 travels in the reservoir is dominated by the ad-283
vective input flux at early times and transitions to an intermediate diffusion dominated284
regime as diffusive loss increases. At late times, the water in the low permeability lay-285
ers reaches CO2 saturation, dampening diffusion and resulting in a return to an advec-286
tion dominated regime. The transition times between these regimes is governed by the287
ratio between the volume available for CO2 dissolution in the low permeability layers and288
the volume of CO2 within the high permeability layers. This ratio also governs the max-289
imum fraction of injected CO2 dissolved at late times. In reservoirs with characteristic290
bedding thicknesses of ∼0.1 m, the modelling implies that a significant fraction of the291
CO2 will dissolve in water within a few years of injection. The tendency of low viscos-292
ity supercritical CO2 to finger and the much more complex flow paths in real reservoirs293
will likely increase CO2 dissolution rates above the minimum estimates from this model.294
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Figure 6. (a) Length of the CO2 finger as a function of time for three high permeability
channel widths (solid lines) and the length of the finger if no diffusive loss of CO2 occurs (black
dashed line). (b) The fraction of CO2 dissolved as a function of time for three high permeability
channel widths, w = 0.05, 0.1, 0.5 m. Values calculated using parameters from the Salt Creek
field.
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